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ABSTRACT 
Quantitative characterization of the dynamics of water exchange fluxes between rivers and 
aquifers is necessary for water resources management, water quality, environment and ecology of 
the river-aquifer systems. The main uncertain factors for predicting river–aquifer exchange fluxes 
are aquifer and riverbed properties. In this study, we characterize the flux exchange dynamics 
between Brazos River Alluvium Aquifer and Brazos River, TX, USA, using alternative conceptual 
models. Six alternative conceptual models for the connection between the river and the aquifer, 
having varying aquifer lithology and river incision levels and incorporating processes such as river 
bed clogging and seepage face flow, are numerically modeled in HYDRUS 2D using small-scale, 
high-resolution transects across the river. Modeled results are tested against observed heads in 
three wells and finally a best-fit conceptual model is used to quantify river-aquifer flux exchange 
dynamics. Additionally we focused on how factors such as aquifer lithology, river channel 
incision, water table conditions, seepage face boundaries, and low-conductivity river-bed effect 
hydraulic head distribution and the corresponding flux exchange dynamics. Our results 
demonstrate that only a small portion of the aquifer close to the river channel is well-connected 
with the river and a major portion of the aquifer is disconnected. The proposed conceptual model 
predicts a) much frequent flux reversals (changes between gaining and losing conditions) and b) 
much smaller amount of recharge and discharges compared to that of the conceptual model which 
has been assumed by earlier studies; a reduction of 151% in recharge and 116% in discharges. 
These results suggest that the magnitude and dynamics of water flux exchange between the river 
and the aquifer are independent of the hydraulic gradients in the wider disconnected aquifer and 
are determined by the hydraulic gradients in the connected aquifer close to the river. The results 
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also demonstrate that river-aquifer flux exchange is sensitive to aquifer lithology, river incision 
depth, and river-bed clogging. While different settings of aquifer lithology and river incision can 
produce very similar heads in the wider aquifer, the hydraulic head distribution close to the river 
and hence the river-aquifer flux exchange varies quite drastically from model to model. River-bed 
clogging decreases the magnitude of fluxes and effects hydraulic head in the aquifer, especially in 
the vicinity of the river channel, depending upon the gaining and losing river conditions. 
Furthermore, seepage face flow could be of the same order as that of flows through river-bed 
depending upon aquifer lithology and corresponding river incision depth.        
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NOMENCLATURE 
K  Saturated Hydraulic Conductivity  
θr  Residual Water Content  
θs  Saturated Water Content 
α  Inverse of the air-entry value (or bubbling pressure) 
n  Pore-size distribution index 
l  Pore-connectivity parameter 
Kh  Horizontal Component of Saturated Hydraulic Conductivity  
Kv  Horizontal Component of Saturated Hydraulic Conductivity 
Kcb  Hydraulic Conductivity of River Channel Bed 
h  Hydraulic Head  
q  Specific Flux 
Q  Volumetric Flux 
RC  River Co-efficient  
r2  Linear Regression Coefficient  
RMSE  Root Mean Square Error 
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NSE  Nash Sutcliffe Efficiency  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
viii 
 
TABLE OF CONTENTS 
                Page 
ABSTRACT ........................................................................................................................ ii 
ACKNOWLEDEGMENTS ............................................................................................... iv 
NOMENCLATURE ............................................................................................................v 
TABLE OF CONTENTS .................................................................................................. vii 
LIST OF FIGURES ........................................................................................................... ix 
LIST OF TABLES ............................................................................................................. xi 
CHAPTER I - INTRODUCTION AND LITERATURE REVIEW....................................1 
1.1 Background ...............................................................................................................1 
1.2 Literature Review ......................................................................................................4 
1.2.1 River Aquifer Interaction ..............................................................................4 
1.2.1.1 Aquifer Geology and Hydrogeology ...............................................5 
1.2.1.2 River Channel Geology and Geometry ............................................6 
1.2.1.3 River Incision, Saturated and Unsaturated Flow Conditions .........10 
1.2.1.4 Seepage Face ..................................................................................12 
1.2.1.5 Impacts of Underlying Aquifer ......................................................12 
1.2.1.6 Effect of River Flow Regimes .......................................................13 
1.2.2 Previous Numerical Models for BRAA ........................................................14 
1.2.3 Geology and Hydrogeological Studies for BRAA ........................................16 
1.3 Study Objectives ......................................................................................................21 
1.4 Study Area and Site .................................................................................................22 
CHAPTER II – METHODOLOGY AND MODELING...................................................25 
2.1 Introduction .............................................................................................................25 
2.2 Materials and Methods ............................................................................................31 
2.2.1 Study Area and Site .....................................................................................31 
2.2.2 Data Collection ............................................................................................33 
2.2.3 Modeling Approach .....................................................................................34 
2.2.3.1 Basis for Alternative Conceptual Models ......................................35 
2.2.3.2 Numerical Models ..........................................................................37 
ix 
 
2.3 Results .....................................................................................................................37 
2.3.1 Measurements-Groundwater Table, River Stage and Discharges ...............37 
2.3.2 Model Results ..............................................................................................37 
2.3.2.1 CM 1, CM 3 and CM 4 ..................................................................39 
2.3.2.2 CM 2 and CM 5 .............................................................................41 
2.3.2.3 CM 6 ..............................................................................................42 
2.3.2.4 Simulated vs. Measured Net Discharges .......................................46 
2.3.3 Sensitivity Analysis .....................................................................................47 
2.4 Discussion ...............................................................................................................49 
2.4.1 Effect of Aquifer Lithology and River Incision on Head and Flux .............49 
2.4.2 Effect of River Stage on Flux Reversals .....................................................52 
2.4.3 Effect of River-bed Clogging on Flux Exchange ........................................54 
2.4.4 Implications of Proposed Conceptual Model for Water Management ........56 
2.5 Conclusions .............................................................................................................58 
 
CHAPTER III - CONCLUSIONS .....................................................................................60 
3.1 Summary of the Findings ........................................................................................60 
3.2 Directions for Future Research  ...............................................................................62 
REFERENCES ..................................................................................................................64 
APPENDIX A ....................................................................................................................71 
APPENDIX B ....................................................................................................................75 
 
 
 
 
 
 
 
x 
 
LIST OF FIGURES 
                           Page 
Figure 1.1: BRAA map, along with outcrops of major and minor aquifers (after Ewing, 2016)
 ..................................................................................................................................... 4 
Figure 1.2: Simulated Seepage rates along river channel for six different realizations of the 
geostatistical models for hydraulic conductivity distribution in the aquifer (after 
Fleckenstein et al., 2006) ............................................................................................. 8 
Figure 1.3: Rushton’s approach to calculate river coefficients for case (a) Kcb = K ...................... 9 
Figure 1.4: Seepage flows from MODFLOW, MOBFLOW and SWMS-2D (after Osman and 
Bruen 2002) ............................................................................................................... 12 
Figure 1.5: Temporal variation in river-aquifer exchange in response to monsoon rainfall 
(after Barstch et al., 2014) ......................................................................................... 15 
Figure 1.6: Conceptual model for BRAA as adopted in GAM (after Ewing, 2016) .................... 16 
Figure 1.7:  Idealized conceptual model for general BRAA geology at the study site................. 20 
 
Figure 2.1: Study area map. A) Location of BRAA in Texas, USA, along with underlying 
major aquifers. B) Location of TAMU Hydrogeological Farm Site, monitoring 
wells and river gaging station (SH60) within BRAA.  C) Transect to the river at 
TAMU Farm Site used in the study and locations of Well C-3, B-3, A-3 and RE.
 ................................................................................................................................... 28 
Figure 2.2: Six alternative conceptual models not drawn to scale. All the conceptual models 
have same dimensions and material properties. A) Conceptual model 1. B) 
Conceptual model 2. C) Conceptual model 3. D) Conceptual model 4. E) 
Conceptual model 5. F) Conceptual model 6. A proximal and a distal monitoring 
well are shown, where the proximal well represents the approximate location of 
the river edge well. .................................................................................................... 36 
Figure 2.3: Measured data. A) River stage at SH60 and hydraulic heads in wells, C-3, B-3, 
A-3 and RE, corrected to the same datum. Data is shown in two continuous 
periods, period 1 from April 28, 2015 to January 29, 2016 and period 2 from 
April 01, 2016 to February 07, 2017, separated by gap where no data was 
available. Gray patches show periods when water table in the farther aquifer fall 
below the river stage B) Net discharges measured in the reach between SH21 and 
SH60 were available only during period 1. The net discharges values are shown 
xi 
 
per unit length of the reach between SH21 and SH60 for comparison with 2D 
modeled fluxes. .......................................................................................................... 39 
Figure 2.4: Simulated heads for six conceptual models for the entire period. Solid green and 
blue lines represent observed hydraulic heads in Well RE and Well B-3 
respectively, whereas, dashed lines represent simulated hydraulic heads for the 
respective wells. ......................................................................................................... 44 
Figure 2.5: Simulated fluxes for six conceptual models for the entire period. On left side axis, 
plotted are the recharge and discharge fluxes. On right side axis plotted are the 
seepage fluxes. Positive fluxes represent either seepage or discharge from aquifer 
to river, whereas, negative fluxes represent recharge from river to aquifer. ............. 45 
Figure 2.6: Observed vs. simulated discharges for select periods. Simulated discharges are 
shown for conceptual model with the highest fluxes i.e. CM 1, and the conceptual 
model proposed in the study i.e. CM 6 only. ............................................................. 47 
Figure 2.7: Sensitivity Analysis. A) Effect of River stage uncertainty on hydraulic heads in 
Well B-3. B) Effect of river stage uncertainty on flux exchange. C) Effect of K 
uncertainty on hydraulic heads and D) Effect of K on flux exchange. Results are 
shown for the proposed conceptual model, CM 6, only. ........................................... 49 
 
 
 
 
 
 
 
 
 
 
 
 
 
xii 
 
LIST OF TABLES 
Table 1.1: Summary of Hydrogeological properties for the entire BRAA area (after Cronin 
and Wilson 1969) ....................................................................................................... 18 
Table 1.2: Summary of Ksat values as found in literature ............................................................. 19 
 
Table 2.1: Van Genuchten parameters used in the study .............................................................. 35 
Table 2.2: Model evaluation: Results of the statistical measures for each of the six conceptual 
models for Well B-3 and RE. The slope and intercept p-values are associated 
with statistical significance of r2 values. Green and blue highlighted rows 
represent conceptual models that explain Well RE and Well B-3 respectively. ....... 43 
 
 
 
 
 
 
 
 
1 
 
CHAPTER I 
1 INTRODUCTION AND LITERATURE REVIEW 
1.1 Background 
Efficient development and management of groundwater and surface-water resources as single 
unit has grown important in the face of diminishing freshwater supplies versus increasing 
population demands - a problem facing governments and water managers around the globe 
(Wrachien & Fasso 2002; Winter et al., 1998). Consequently, it has become more important to 
accurately characterize the dynamics of water exchange between rivers and aquifers (Osman & 
Bruen, 2002). This flux not only impacts water management in a basin; it also has impacts 
biogeochemical and ecological processes that occur at the interface (Bartsch, 2014). A broad range 
of methods exists to quantify aquifer–river exchange flux (Kalbus et al., 2006); however, the use 
of physically based numerical models has been one of the most effective strategies, as an increasing 
number of studies have shown (Fleckenstein, 2006; Bartsch et al., 2014; Eddy-Miller et al., 2009).   
Brazos River Alluvium Aquifer (BRAA) is an alluvial aquifer located in Southeastern Texas, 
USA. It is an important source of freshwater and is predominantly pumped for localized 
agricultural uses. The aquifer is hydraulically connected to Brazos River along 365 river-km length 
(Cronin & Wilson, 1969). It is underlain by many major aquifers throughout its length (Figure 
1.1). Alluvial aquifers commonly have a high degree of heterogeneity, with hydraulic conductivity 
values ranging several orders of magnitude (Miall, 1996). The interaction between an alluvial 
aquifer system and river is influenced by the spatial arrangement of hydrofacies at the interface 
between river and the underlying aquifer (Woessner, 2000). This in turn also impacts the degree 
2 
 
of connectivity within the system i.e. between river and the aquifer. Different flow regimes (floods, 
droughts etc.) also influences short- and long-term exchange fluxes through different phenomenon, 
such as river-bed clogging, hydraulic gradient reversals etc. These and many other challenges 
associated with alluvial aquifers becomes more complex when large systems must be modeled 
under stressed conditions with different hydrological processes occurring simultaneously. 
Being prone to droughts (TWDB, 2017), the state of Texas has developed a robust system to 
develop, manage and protect its groundwater resources that can be used during low-flow times 
(O’Rourke, 2000). Texas Water Development Board (TWDB) has thus developed a physically 
based numerical model for BRAA to facilitate its state and regional water planning and decision 
making processes (Ewing, 2016). The model covers entire extent of the aquifer and takes into 
account some hydrological processes occurring within aquifer and between aquifer and its 
surroundings (see section 1.2.2 for details). 
As noted by many in the literature (Rushton, 2006; Fleckenstein, 2006; Sophocleous, 2002, 
while developing large-scale river-aquifer models, the geometries and properties of rivers and 
aquifers cannot be represented in detail because of large mesh sizes and computational limitations. 
Consequently, many small scale processes and river and aquifer characteristics (that will be 
discussed later) are either oversimplified or neglected in simulations, that otherwise are expected 
to have significant effects on flux exchange dynamics under certain conditions (see section 1.2.1). 
Simplifications of actual systems are inherent in numerical models that focus on questions of 
regional-scale or state-scale water management with complex aquifer and river features 
(Fleckenstein, 2006). Several studies on small-scale interactions between BRAA and Brazos River 
were performed at the TAMU Hydrogeological Farm Site (Alden & Munster, 1998; Chakka & 
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Munster 1997; Munster et al., 1996). These studies were designed to serve specific purposes, such 
as, measuring transport of pesticides from agricultural activity or seasonal water table fluctuations 
and have adopted analytical or observation-based approaches rather than numerical models which 
make their applicability limited to understanding the timing and magnitude of volumetric fluxes 
between the Brazos River and the BRAA. 
It is therefore important to quantify the influence of many small-scale processes that have not 
been taken into consideration in previous models and to model representative processes that 
significantly impact the exchange under different modes of aquifer and river conditions; such that 
these can be effectively incorporated in large-scale regional-level models. Such an assessment will 
not only help improve our understanding about the BRAA system but will also complement 
existing large scale models. 
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Figure 1.1: BRAA map, along with outcrops of major and minor aquifers (after Ewing, 2016) 
1.2 Literature Survey 
1.2.1 River-Aquifer Interaction 
Water exchange between river and aquifer depends upon a myriad of factors that affect flux 
exchange differently under different conditions and thus have to be incorporated effectively into 
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numerical models to accurately quantify the amount (Woessner, 2000). Moreover, the processes 
is spatially and temporally dynamic. A large body of literature exists that highlights the importance 
and need for accurate characterization and quantification of GW–SW exchange fluxes at increased 
spatial and temporal resolutions (Bartsch, 2014; Eddy-Miller et al., 2009; Schornberg, 2010; 
Fleckenstein et al., 2010; Fleckenstein, 2006; Sophocleous, 2006). These factors have been 
covered in the following sub-sections. 
1.2.1.1 Aquifer Geology and Hydrogeology   
Alluvium aquifers have high degree of geological heterogeneity (Miall, 1996). Many studies 
suggests that the distribution and magnitude of hydraulic conductivity (K) within alluvium aquifer 
is one of the most important factors controlling flux exchange (Fleckenstein et al., 2010; 
Sophocleous, 2006; Fleckenstein et al., 2006; Rushton, 2006). On the other hand, in regional scale 
models, aquifers are often represented as comprised of extensive layers with uniform 
hydrogeological properties (Fleckenstein et al., 2010). To incorporate spatial variability of K 
values, especially associated with alluvium aquifers, Fleckenstein et al., (2010) suggested the use 
of Transitional Probability Geo-Statistical Simulation (TPROGS) in a MODFLOW based 
numerical models. This approach considers modeled aquifer to be comprised of cells with random 
hydrogeological properties rather than homogenous layers of uniform properties. Fleckenstein et 
al. (2010) simulated 6 different regimes of K-distribution within the aquifer to assess their impacts 
on river seepage. River seepage and groundwater heads were found to be highly sensitive to the 
distribution of K values (Figure 1.2). 
Modeling studies have shown that the hydraulic properties of the aquifer adjacent to the river 
will greatly impact the volumetric flux of water exchanged. Rushton (2006) conducted a model-
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based experimental study to assess the impact of different hydraulic conductivity zones in relation 
to water table and river channel incision. He increased K value of the first layer in a fine-grid 
model---the layer extends from top of aquifer to the bottom of river channel. When K was 
increased by a factor of 10  this resulted in a 154% increase in magnitude of flux.  He further 
examined the influence of degree of anisotropy in the aquifer. By changing magnitudes of 
horizontal (Kh) and vertical aquifer (Kv) conductivities, change in magnitude of flux was estimated. 
Results showed that when Kv = 0.5Kh, Kv = 0.25Kh and Kv = 1.0Kh; flux (in terms of Kaquifer and 
(haquifer-hriver)) was 1.06 m
2/d/m, 0.95 m2/d/m and 1.42 m2/d/m respectively. The models with 
vertical anisotropy predicted much less flux exchanged with the river. Thus, Rushton (2006) found 
that more isotropic, higher K aquifers should have greater flux exchange with rivers.  
1.2.1.2 River Channel Geology and Geometry  
Hydrogeology, geometry and depth of river-channel incision in the aquifer are among some of 
the important factors controlling flux exchange. Moreover, in many cases, river channel (both bed 
and side walls included) hydraulic conductivities (Kcb) are not same as that of aquifer materials.  
Furthermore, Kcb changes with flow regime in the river: low-flow conditions cause riverbed 
clogging resulting in a decrease in Kcb values, followed by an increase during high-flows due to 
scouring (Sophocleous, 2006). In many large-scale models, river channel hydraulic values are 
assumed to be same as that for the aquifer (K), which is far from reality and could seriously effect 
simulation results (Rushton, 2006; Osman & Bruen, 2002). Presence or absence of a clogging layer 
in the river channel causes major differences on the overall flow system in the alluvium (Spalding 
& Khaleel, 1991). 
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In large-scale groundwater models, such as MODLFOW, river-aquifer interaction is modeled 
by using a river-coefficient (RC) which is assumed to be dependent upon (1) hydraulic 
conductivity (2) geometry of the river channel (McDonald & Harbaugh, 1988).  
 RC = 𝐾𝑐𝑏
𝐿𝑊
𝑀
 (1) 
Where L, W and M are length, width and thickness of the channel bed/clogging layer. RC as 
calculated above is then input into equation (2) to estimate flux exchange. 
 q = RC (haquifer-hriver) (2) 
8 
 
 
Figure 1.2: Simulated Seepage rates along river channel for six different realizations of the geostatistical models for 
hydraulic conductivity distribution in the aquifer (after Fleckenstein et al., 2006) 
Where haquifer is the head in the cell representing aquifer below the river channel and hriver 
represents the head in the river cell. 
In this approach, flux exchange is assumed to be controlled entirely by the river bed properties. 
While, it may potentially provide appropriate flux estimates when the direction is from river to 
aquifer, however, in case of flow direction from aquifer to river, it does not take into account the 
properties of aquifer and horizontal flows. Furthermore, MODFLOW stream package assumes the 
river to be comprised of sections each linked to a cell in aquifer model lying below. The river stage 
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is assumed to be same throughout the section and constant during a stress-period - a period of time 
during which all model stresses remain constant e.g. recharge, groundwater abstraction or 
discharge to rivers. This leads to the assumption that the river has enough water to maintain flows 
to aquifer without decrease in river stage.  
Rushton (2006) suggested another approach to estimate RC. He calculated exchange flux using 
a fine-grid small-scale 2D model. He then plotted the relationship between exchange flux and head 
for a variety of recharge values, under prescribed boundary conditions, Figure 1.3. In the figure 
1.3, Qr and Kh represents flow to the river from aquifer and horizontal hydraulic conductivity, 
whereas, q represents specific flux (Qr per unit length of the river).  
 
Figure 1.3: Rushton’s approach to calculate river coefficients for case (a) Kcb = K (after Rushton, 2006) 
He then calculated RC as the inverse slope of flux versus head curve at the origin. Figure 1.3 
shows his approach. Results for three simulations with Kcb being equal to (a) K (b) reduced to 0.15 
and (c) reduced to 0.05 m/d reports, although a small increment in flux amount but a significant 
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increment in head distributions in the aquifer which consequently leads to differences in RC’s. 
RC’s for three cases were as follows 1.06, 0.9 and 0.77 m2/d/m respectively. He concluded that 
RC does not only depends upon river geometry and Kcb values, as assumed by MODFLOW, rather 
it is also dependent upon aquifer K distribution, recharge amounts, head and river stage, and thus 
cannot be assumed constant. 
He further examined the impact of channel geometry by changing channel width and river 
stage in model. RC decreased from 1.06 to 1.04 m2/d/m when channel width was decreased from 
10 m to 6 m. When river stage was dropped from 1 m to 0.4 m, RC decreased from 1.06 to 0.97 
m2/d/m. He concluded that as long as the river is not substantially wider than the thickness of the 
aquifer---in which case there is a significant effect on RC---RC is insensitive to channel width and 
river stage. River bed hydraulic conductivity, on the other hand, has a significant impact on flux. 
1.2.1.3 River-Incision, Saturated and Unsaturated Flow Conditions 
The degree to which a river channel incised or penetrates through an alluvium has impacts on 
flux exchange. When a channel fully penetrates, in either losing or gaining river conditions, the 
flux exchange occurs predominantly through the saturated zone. However, when a river partially 
penetrates an aquifer, an unsaturated medium could be formed between the channel bottom and 
deep water table in the aquifer (Winter at al., 1998). Significant flow occurs through the 
unsaturated zone in such conditions and hence assumptions relying on saturated conditions are not 
met (Osman & Bruen, 2002). In such cases the use of models designed for variably saturated flow 
are recommended by many authors.  
11 
 
Osman & Bruen (2002) examined the case of a partially incised river channel with bed 
clogging using SWMS-2D, a variably saturated code, and compared it with MODFLOW. As 
explained earlier, in MODLFOW, once the water table falls below river bed, seepage is assumed 
to be dependent entirely upon river stage and no unsaturated conditions are taken into account. 
Variably saturated code on the other hand, takes into account unsaturated flows below the river 
bed. The adequacy of the results from variably saturated code was also tested by a third model 
(named MOBFLOW) develop on the basis of theory of river-aquifer interaction. In this model, 
flow through a clogging bed is represented by an equation that assumes fully-saturated, one-
dimensional steady-state conditions. This model assumes that a suction head (negative pressure 
head) is formed outside the clogging layer and controls the exchange, and is calculated using 
Bouwer’s (1969) approach with some improvements (Osman & Bruen, 2002). The results for three 
models are reproduced in Figure 1.4. 
In the graph below, seepage flow from MOBFLOW and SWMS-2D match with each other 
very well, whereas, MODFLOW seepage rates becomes constant once water table falls below the 
river bed channel and does not takes into account unsaturated conditions. The maximum seepage 
flow computed by MOBFLOW, SWMS-2D and MODFLOW are 22050, 20801 and 6750 
cm3/d/cm with serious underestimations by MODFLOW. 
 
12 
 
 
Figure 1.4: Seepage flows from MODFLOW, MOBFLOW and SWMS-2D (after Osman and Bruen, 2002) 
1.2.1.4 Seepage Face 
Sophocleous (2002) and Franke et al. (2000) have emphasized the importance of seepage face 
considerations in flux amount estimations. Most large-scale models usually cannot simulate 
seepage face boundary conditions. Rushton (2006) examined the effect of seepage face by 
comparing flux amount from his small-scale fine grid model with that of MODFLOW, which does 
not takes into account seepage face. The results are shown below in Figure 1.4. The differences in 
head and flux between the two models occur for higher recharge values; when water table is higher 
than river stage and additional flow occurs through seepage face. 
1.2.1.5 Impacts of Underlying Aquifer 
Alluvial aquifers are usually shallow and in most cases they are connected to other aquifers to 
some degree. Along with many properties of the alluvium itself (some of which were discussed in 
preceding sections), hydrogeology and water table in bottom formations are the two most 
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important factors that influence inter-aquifer exchange. Woessner (2000) have described that 
usually two aquifers are separated by a low-permeability material layer and water table in the 
underlying formation remains in confined conditions and hence has impacts on upward or 
downward leaking. Rushton (2000) in his numerical model tested the influence of hydraulic 
conductivity (Kb) and head (hb) of bottom aquifer on river-aquifer exchange in top alluvium. He 
found out that flux amount increases with increase in Kb. Changing hb impacted the exchange in a 
rather different manner. With increasing hb, aquifer to river flows were increased but river to 
aquifer flow were decreased: vice versa for decreasing hb. 
1.2.1.6 Effect of River Flow Regimes 
The dynamics of river-aquifer exchange is also effected by rainfall; through subsequent runoff 
flows to rivers and recharges to aquifers. Precipitation strongly effects the temporal exchange 
pattern. Bartsch et al., (2014) has examined the effect of short-duration and high-intensity extreme 
rainfall events on the dynamics of exchange fluxes using small-scale fine-grid numerical model 
and observed data. The river channel was surveyed before and after the event and resulted river 
channel profile indicates a maximum increment of 30 cm in depth of channel because of erosion 
caused by rushing water. Two models reflecting the channel conditions before and after the event 
were used to analyze the effect of river-bed clogging on fluxes.  
The results show that flux exchange reversed rapidly, within hours after the rainfall event from 
losing river conditions to gaining conditions. Under pre-event conditions, the downward fluxes 
were evident nearly to depth of 0.7 m below the bed, below which the flow field continued to flow 
in the direction of outlet point, lying below the river to the south-east end of the modeled domain, 
undisturbed by the exchange. A small rainfall event before the extreme event, temporarily 
14 
 
increased the river stage further above the water table and vertical flux exchange deepened (> 0.7 
m). A sudden reversal in flux direction occurred upon the arrival of heavy rainfall that followed 
the small rainfall event. Around this time, vertical exchange flux to river was confined between 
the depths of 0 and 0.3 m. As small events continued to follow, the recharge to groundwater 
increased and heads in the aquifer steadily rose. However, the river stage quickly reverted to low 
levels soon after the events, resulting in maximum flux from aquifer to river during this period. 
The flows from aquifer to river continued to dwindle until further small rainfall event caused short-
term increase in river stage resulting in short-term sporadic flow reversals. The results are 
reproduced in Figure 1.6 below. The results demonstrate that highly variable hydrologic conditions 
(intense monsoonal precipitation events) within the monsoon season result in high temporal and 
spatial variability in river-aquifer exchange fluxes. The results were different than found by an 
earlier study (Barlow & Coupe, 2009). Barlow and Coupe (2009) investigated the flux reversal in 
Bogue Phalia River in Florida caused by high-flow events i.e. high river stages. They demonstrated 
that exchange through the riverbed and a critical stage for flow reversals can be determined by 
using heat as a tracer even with little available hydraulic head data. They determined one critical 
river stage after which flux reversals occur in the system. Bartsch et al., (2013) however found out 
that the reversal of fluxes is rather dynamic and can occur at different river stages depending upon 
the groundwater flow field. They have argued that heat tracer alone is insufficient and hydraulic 
head data at sufficient temporal resolution is very important in flux exchange assessments. 
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Figure 1.5: Temporal variation in river-aquifer exchange in response to monsoon rainfall (after Barstch et al., 2014) 
1.2.2 Previous Numerical Models for BRAA 
Texas Water Development Board (TWDB) has developed a 3D numerical model, Groundwater 
Availability Model (GAM), for the entire alluvium using MODFLOW-USG (Ewing, 2016). The 
purpose of the model is to facilitate state groundwater development and management. The model 
is capable of simulating saturated flows and solves the general groundwater equation in 3D by 
finite difference approximation scheme (Harbaugh, 2005). The model consists of three layers 
having uniform hydrogeological properties, and the model grid is composed of square grid cells 
ranging from 1/8-mile to 1-mile in size. A conceptual model adopted in the GAM has been 
reproduced in Figure 1.7. It shows the processes taken into consideration during simulations.  
A groundwater model for a central portion of the BRAA in Milam, Robertson, Burleson, and 
Brazos counties was prepared by O’Rourke (2006) for TWDB. The purpose of this model was to 
evaluate a proposed project where the BRAAwould be used to store excess water during high flows 
of the Brazos and Little Brazos rivers for later use during relatively low-flow periods. The model 
used a single layer which had uniform hydraulic properties and a 500-foot grid size. Upward 
vertical leakage from underlying aquifers was acknowledged as a possibility by the author, but the 
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base of the aquifer was modeled as a no-flow boundary due to the lack of reliable data to account 
for this process. 
 
Figure 1.6: Conceptual model for BRAA as adopted in GAM (after Ewing, 2016) 
1.2.3 Geological and Hydrogeological Studies for BRAA 
The earliest detailed geological study was conducted by Cronin and Wilson (1969) covering 
geology and hydrogeological aspects of the aquifer. Using wells and bore-logs record, the study 
provides a detailed description on: lithology and thickness of the aquifer; relationship between the 
aquifer and underlying formations; water table conditions and movement of water in the aquifer; 
recharge conditions; hydraulic properties of the aquifer and water quality conditions. The study 
reports great heterogeneity in aquifer geology, and in general defines a dominating upward fining 
pattern. Later a study by USGS and TWDB (Shah et al., 2002) employed electromagnetic and 
electric resistivity methods to assess subsurface geology at a specific location. Along with upward 
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fining of material, they also found out lateral distribution of low and high conductivity materials 
around the river channel, with most conductive portion of the aquifer separated from the river 
channel by lower conductivity fine material. The general lithology of the aquifer can be described 
as follows: gravel at the bottom, to coarse sand & sand in the middle, to clay at the top. Laboratory 
and field tests were conducted by Cronin & Wilson (1969) from 70 wells to determine aquifer 
properties over its entire length. The terrace alluvium bordering the floodplain alluvium, where 
connected hydraulically, yields water to the floodplain alluvium. But hydraulic properties, such as 
permeability, of the terrace formation is rather low, indicating no significant exchange between 
them. Therefore, the terrace alluvium is not included in lateral extent of the aquifer. A 
representative simplified conceptual model for the aquifer is shown in figure 1.8. 
Hydrogeological properties of the aquifer sediments are available from earlier works, such as 
Cronin and Wilson (1969). The values for coefficient of permeability range from 0.001 gpd/ft2 for 
samples composed mainly of clay, to as high as 3400 gpd/ft2 for samples composed of gravels. 
Also the values change with the depth of sample and proportion of each material in the mix. Based 
on the information from paper, Table 1.1 summarizes porosity and coefficient of permeability 
values for different depths and material mix. Studies conducted by Alden and Munster (1997a), 
Wrobleski (1996), Hvorslev (1951), Bouwer (1989) and Alden & Munster (1997b) at TAMU farm 
site have used slug tests, long and short duration pump tests and flow sensors to estimate saturated 
hydraulic conductivities (K). A summary of these values at two spatial locations within TAMU 
farm site is shown in Table 1.
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Table 1.1: Summary of Hydrogeological properties for the entire BRAA (after Cronin & Wilson 1969) 
Sampling 
Site Dominant Material 
Depth 
Sampled 
Porosity 
(%) 
Specific Yield 
(%) 
Coefficient of Permeability 
(gpd/ft2) 
1 Clay 11 to  12 --- --- 0.006 
2 Sand and Clay mix 38 to 39  27.3 23.1 2.000 
3 Clay 19 to  20 38.5  0.002 
4 
Medium to Coarse 
Sand 31 to 32  36.5 35.4 800.000 
5 Silt 22 to 23 43.5 27.9 15.000 
6 Sand and Clay mix 36 to 37 34.8 31.3 150.000 
7 Sand and Clay mix 20.5 to 21 24.7 16.9 290.000 
8 Silt and Clay 21 to 22 48.5 4.4 0.800 
9 Silt 42 to 43 35.4 31 29.000 
10 Gravel 32.5  to 32.75 40.1 26.6 3400.000 
11 Silt 27 to 28 35.8 28.3 9.000 
12 Clay 46 59.5 18.7 0.001 
13 Gravel River Bank 28.6 24.8 2600.000 
14 Gravel River Bank 32.3 21 14000.000 
15 Gravel River Bank 34.7 22.3 18000.000 
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Table 1.2: Summary of K values as found in literature 
TAMU Farm 
Location  Study 
Method 
Used 
Average Depth 
(m) 
Average K 
(m/day) 
1 Alden and Munster (1997b) Flow Sensor 13.7 28.9 
 Wroblesi (1996) Pump Test 14.9 60.6 
 Bouwer (1989)/Alden and Munster (1997a) Slug Test 14.9 19 
 
Hvorslev (1951)/Alden and Munster 
(1997a) Slug Test 14.9 32.3 
2 Alden and Munster (1997b) Flow Sensor 18.3 16.5 
 Wroblesi (1996) Pump Test 18.8 58.2 
 Bouwer (1989)/Alden and Munster (1997a) Slug Test 18.8 3.2 
  
Hvorslev (1951)/Alden and Munster 
(1997a) Slug Test 18.8 3.6 
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Texas A&M University (TAMU) under its Texas Water Observatory (TWO) program has 
developed a hydrogeological field site covering 21 acres of BRAA to study various aspects of 
hydrologic cycle, Figure 1.9 (for details about the site see Wrobleski, 1996). 
 
Figure 1.7:  Idealized conceptual model for general BRAA geology at the study site 
Notable work has been done by researchers at TAMU in order to better understand the river-
aquifer relation at different scales (Alden & Munster, 1998; Chakka & Munster, 1997; Munster et 
al., 1996;; Proffitt, 2015; Rhodes et al., 2017). Some of these studies verified and improved the 
earlier estimates of hydrogeological properties as proposed by Cronin & Wilson (1969).  
Cronin & Wilson, (1969) suggests that principal recharge to the aquifer occurs through rainfall 
on the aquifer top which infiltrates to the water table sometimes alongside runoff from upstream 
catchments. On the other hand, Alden & Munster (1997) suggests that the principal source of 
recharge within the Texas A&M farm site is streamflow from Brazos river, that discharges into 
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the aquifer during high river stage. Water table is mostly in unconfined conditions (∽ 2.5 m to 3 
m below the bottom of top clay layer); however, locally confined conditions are also possible as 
the clay layer varies in thickness and also because of the presence of clay lenses.   
1.3 Study Objectives 
The high-degree of geological heterogeneity and hydraulic-connection with the Brazos River 
associated with BRAA has led to varied hypotheses about its groundwater flow system, 
specifically about the connection between the river and the aquifer. The investigation by Cronin 
& Wilson (1969) suggested a very well-connected system, with the river incising in the middle of 
a conductive, sand and gravel portion of the aquifer. Wrobleski (1996), Alden & Munster (1998), 
Chakka & Munster (1997) and Munster et al., (1996) based their assessment of river-aquifer 
interaction and contaminant transport using the same conceptual model. Later a study by USGS 
and TWDB (Shah et al., 2002) employed electromagnetic and electric resistivity methods to assess 
subsurface geology at specific locations. Recently, Rhodes et al., (2017) carried out an extensive 
field-based investigation to understand interactions at high-frequency over an 8-month period 
along a 24 Km river reach. By measuring subsurface fluxes and identifying their sources, they 
conclude that only a small portion of the aquifer in the vicinity of the river is well-connected with 
the river, whereas the broader alluvium is disconnected.     
The main objective of this study is to test alternative conceptual models, as informed by above 
cited studies and subjective judgement of the site, to narrow down to a representative conceptual 
model that will quantify the flux exchange between the river and the aquifer. To this end, six 
alternative conceptual models with varying settings of aquifer lithology and river incision, 
incorporating processes such as river-bed clogging and seepage face flow were numerically 
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modeled using small-scale fine grid 2D-transects to the river. Modeled results were tested against 
observed water heads in three wells and finally a best-fit conceptual model was used to quantify 
river-aquifer flux and off-site flux into the aquifer. This approach provides a systematic way to 
narrow down important factors that controls river-aquifer interaction at the site and should result 
in a parsimonious model. This study will not only deepen our understanding about flux exchange 
dynamics of the natural system but will also result in a range of guidelines for large-scale modeling 
and management endeavors. 
1.4 Study Area and Site 
The Brazos River begins in Stonewall County, Texas, at the confluence of the Salt and Double 
Mountain Forks. It meanders southeast through Texas for 1,352 river-km (TPWD, 1974) before it 
discharges into the Gulf of Mexico. The BRAA consists of floodplain alluvium spread around the 
Brazos River for 563 Km (George, 2011), starting from Bosque County in the northwest to Fort 
Bend County in the southeast Texas. Studies report great heterogeneity throughout the aquifer, and 
in general is comprised of an upward fining pattern from gravel, to coarse sand & sand, to clay 
(TCEQ, 2015; Cronin & Wilson, 1969). Thickness of the aquifer ranges from negligible to 51 m, 
with an average of 15-24 m (Shah et al., 2007). The water table is mostly under unconfined 
conditions, however, due to overlying clay layer, local confined conditions are also possible. 
Throughout its length, the aquifer is underlain by many major aquifers which dip in the same 
direction as the river, but strike laterally (Ewing, 2016). Low permeability terrace alluvium 
bordering the floodplain alluvium, marks the lateral extent of the aquifer (Cronin & Wilson, 1969). 
The aquifer primarily discharges to the Brazos River and is also pumped for irrigation uses (Ewing, 
2016; O’Rourke, 2006). The potential sources of recharge includes rainfall, the Brazos River, and 
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fluxes from underlying major aquifers (Chakka & Munster, 1997; O'Rourke, 2006; Turco et al., 
2007; Wong, 2012) 
The study area (Figure 1.9) is a small portion of the aquifer located 0.5 Km downstream of the 
intersection of the river with State Highway-60 (SH60) and lies in the Texas A&M University 
Hydrogeological Farm Site (TAMU Site) located in the Burleson County (longitude -96° 25' 
24.98", latitude 30° 32' 11.39"). Within the extent of TAMU site, upward fining is evident with 
the thickness of top clay layer averaging around ∽ 6 m above the ∽ 15 m thick sand and gravel 
underlaid by the Yegua-Jackson aquifer. The shallow portion of Yegua-Jackson is a shale layer 
that separates it from the bottom of BRAA and acts as an impermeable bed-rock. The water table 
is mostly in unconfined conditions lying ∽ 10 meter below natural ground (Munster et al, 1996). 
Alden & Munster (1997) suggests that the principal source of recharge to the aquifer at the site is 
river flow that discharges into the aquifer during high river stage. 
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CHAPTER II 
2 METHODOLOGY AND MODELING 
2.1 Introduction 
Sustainable development and management of groundwater and surface-water resources as 
single unit has grown important in the face of diminishing freshwater supplies versus increasing 
population demands (Wrachien & Fasso, 2002; Winter et al., 1998). Information on water 
exchange between rivers and aquifers is needed for fair allocation of water rights (Morel-Seytoux 
et al., 2015) and for protection from environmental and ecological threats to water resources 
(Smith et al 2009; Brunke & Gonser, 1997). To address these concerns, we must first quantitatively 
characterize the dynamics of water exchange between rivers and aquifers at increased spatial and 
temporal resolutions (Bartsch et al., 2014; Osman & Bruen, 2002; Eddy-Miller et al., 2009; 
Schornberg et al., 2010). A broad range of methods exist to assess river-aquifer flux exchange 
(Kalbus et al., 2006); however, the use of physically based numerical models has been one of the 
most effective strategies, as an increasing number of studies have shown (Fleckenstein, 2006; 
Bartsch et al., 2014; Eddy-Miller et al., 2009). Accurate quantification and characterization of 
river-aquifer flux exchange require that conceptual and numerical models of river-aquifer systems 
take into account important factors that can have wide-ranging effects under varied settings 
(Woessner, 2000).  
Alluvial aquifers have high degree of geological heterogeneity (Tang et al., 2015; Miall, 1996). 
Many studies suggest that the lithology, distribution and magnitude of hydraulic conductivity (K) 
within the alluvial aquifer and in the vicinity of the river channel is among the most important 
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factors controlling the flux (Fleckenstein et al., 2010; Tang et al., 2015; Sophocleous, 2002; 
Rhodes at al., 2017). Rushton (2006) conducted a modeling study to assess the impact of aquifer 
lithology on the magnitude of fluxes. Multiple layers with different hydraulic conductivities were 
simulated under confined and unconfined water table conditions. The study demonstrated that the 
flux between river and aquifer is sensitive to K values of the individual layers. For example, 
increasing the hydraulic conductivity of the top layer by 10 times, resulted in 154% increase in the 
cumulative flux amount.  
Conventionally, alluvial aquifers are considered connected to their river systems, with the 
connection assessed in terms of the water table and river stage only; a water table higher than the 
river bed implies a well-connected system (Brunner et al., 2009 and 2011; Larkin & Sharp, 1992). 
However, deposition of fine materials by meandering rivers over time may lead to the depositional 
patterns surrounding river channel causing disconnection with broader alluvial aquifer (Rhodes et 
al., 2017; Jung et al., 2015). In such instances, the groundwater flow field as assessed by the 
piezometeric surface in the aquifer far from the river channel may not represent flow field in the 
vicinity of the river channel and hence may mislead flux exchange dynamics, and especially flux 
reversal patterns. Furthermore, thicknesses of layers vary across the aquifer which in turn changes 
the water table conditions, for example from confined to unconfined or partially confined 
conditions, which may in turn effect the groundwater flow field across the aquifer.  
River channel morphology and feedbacks between open-channel and porous media hydraulic 
properties, are also important factors that determine the connectivity between rivers and aquifers. 
In many cases, river bed hydraulic conductivities (Kcb) are not the same as that of aquifer materials 
and can change based on the river’s current flow regime: low-flow condition causes riverbed 
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clogging resulting in decreased Kcb values, followed by an increase in Kcb values following high-
flow events causing scouring (Sophocleous, 2006; Pavelic et al., 2011). The presence or absence 
of a clogging layer in the river channel causes major differences on the overall flow system in the 
alluvium (Spalding & Khaleel, 1991). Pholkern et al., (2015) showed that low energy flows, 
especially in rivers with high turbidity, can decrease river bed conductivities by a factor of 100. 
Increases in channel flow velocity only caused partial removal of the clogging and initial Kcb 
values were not recovered. The depth to which a river channel is incised into the underlying 
alluvium also impacts river-aquifer flux exchange through the formation of saturated and 
unsaturated zones. When a channel fully penetrates, in either case of losing or gaining river 
conditions, the flux exchange occurs predominantly through the saturated zone. When the river 
bed is deeply incised relative to the water table, additional flow occurs through seepage face 
formed along the river banks (Sophocleous, 2002; Franke et al., 2000). In contrast, when a river 
partially penetrates an aquifer, an unsaturated medium could be present between the channel 
bottom and deep water table in the aquifer (Winter at al., 1998). Significant flow then occurs 
through the vadose zone, hence saturated assumptions fall apart (Osman & Bruen, 2002). An 
example of this, is that unlike in a fully connected river-aquifer system, in this “disconnected” 
system hydraulic gradients within the aquifer will not predict the direction of flow between the 
river and the aquifer.   
Owing to the interplay of above factors, there may be a range of impacts of each factor across 
various settings, making the system complex. It is therefore imperative that these factors and the 
processes which they impact are investigated through the formulation of alternative conceptual 
models of the system under a range of realistic settings. These models must then be tested against 
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field observations before one final paradigm is assumed appropriate to explain the given data 
(Bredehoeft, 2005). The methodology of constructing alternative conceptual-numerical models 
and then selecting the best among them, or alternatively rejecting those that are deemed to provide 
an inadequate fit to the observations has been endorsed and adopted by several authors for different 
groundwater objectives (Bredehoeft, 2005; Carrera & Neuman, 1986; Sun et al., 1995; Neuman, 
2003; Tsai et al., 2003a, b; Knappett et al., 2014). This study adopts a similar modeling strategy to 
assess the dynamics of water exchange between Brazos River Alluvium Aquifer (BRAA) and 
Brazos River (BR), Texas USA (Figure 2.1).  
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Figure 2.1: Study area map. A) Location of BRAA in Texas, USA, along with underlying major aquifers. B) Location 
of TAMU Hydrogeological Farm Site, monitoring wells and river gaging station (SH60) within BRAA.  C) Transect 
to the river at TAMU Farm Site used in the study and locations of Well C-3, B-3, A-3 and RE.  
The high degree of geological heterogeneity associated with the BRAA and its hydraulic-
connection with the Brazos River has led to several hypotheses about its groundwater flow system. 
Field-based investigative studies conducted at the site suggest different conceptual models for the 
connection between the river and the aquifer. Cronin & Wilson (1969) suggest a very well-
connected system, with the river incising in the middle, most conductive, sand and gravel portion 
of the aquifer. Wrobleski (1996), Alden & Munster (1998), Chakka & Munster (1997) & Munster 
et al., (1996) based their assessment of river-aquifer interactions and contaminant transport on the 
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same conceptual model. Later, researchers with the United States Geological Survey (USGS) and 
Texas Water Development Board (TWDB) (Shat et al., 2007) employed electromagnetic and 
electric resistivity methods to assess subsurface geology near the study site. Along with upward 
fining of materials, they also found that the most conductive potion of the aquifer was separated 
from the river channel by low conductivity fine material.  
Recently, Rhodes et al., (2017) carried out an extensive field-based investigation to understand 
the interaction along a 24-km- river reach. By measuring subsurface fluxes and identifying their 
sources, they concluded that only a small portion of the aquifer, bank storage zone, is well-
connected to the river, whereas the broader alluvium is disconnected. Prior to measuring water 
fluxes, Rhodes et al. (2017) performed a preliminary assessment of the connectivity of the aquifer-
river system by constructing geologic cross-sections using publically available geologic borehole 
data from the Texas Water Development Board (TWDB). This analysis suggested a regional, 
continuous, basal gravel layer overlying the bedrock, incised by the River. The water fluxes, 
however, defied this conceptual model. One possibility is that the public database is biased towards 
high K alluvium creating an impression of higher K sediments than are really typical (Rhodes et 
al., 2017). If this is true, then models based on public geologic borehole databases, may generally 
overestimate connectivity of rivers and alluvial aquifers.       
The main objectives of this study are: a) to test a range of alternative conceptual models, as 
informed by above cited studies and subjective judgement of the site, b) determine the most 
representative model based on fit to observed, high-frequency water levels over multiple seasons, 
and c) use that model to quantify the flux exchange between the river and the aquifer during 
normal, drought, and flood conditions. To this end, six alternative conceptual models are 
30 
 
numerically modeled in HYDRUS 2D using small-scale, high-resolution transects across the river. 
The models have varying aquifer lithology and river incision depths and incorporated processes 
such as river bed clogging and flows through seepage face boundaries. Modeled results are tested 
against observed water heads in three wells and finally a best-fit conceptual model is used to 
quantify river-aquifer flux exchange dynamics. Following three types of river-aquifer fluxes were 
simulated: a) portion of baseflow (from aquifer to river) that occurs across the seepage face 
boundary, hereto referred as seepage, b) portion of baseflow that occurs across the river-bed, hereto 
referred as discharge and c) flow from river to aquifer, i.e. losing conditions, hereto referred as 
recharge. This approach provides a systematic way of determining which factors exert the most 
control on river-aquifer interactions in this system and which parameters are truly essential for 
capturing system behavior. This study will help us better understand flux exchange dynamics 
between the aquifer and the river at the study site and identify important controlling factors and 
their impacts on the system.  
2.2 Materials and Methods 
2.2.1 Study Area and Site 
The Brazos River begins in Stonewall County, Texas, at the confluence of the Salt and Double 
Mountain Forks. It meanders southeast through Texas for 1,352 river-km (TPWD, 1974) before it 
discharges into the Gulf of Mexico (Figure 2a). The BRAA consists of floodplain alluvium 
distributed around the Brazos River for 563 km (George, 2011), starting from Bosque County in 
the northwest to Fort Bend County in the southeast Texas. Studies report great heterogeneity 
throughout the aquifer, and in general defines a dominating upward fining pattern from gravel, to 
coarse sand & sand, to clay (TCEQ, 2015; Cronin and Wilson, 1969). Thickness of the aquifer 
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ranges from negligible to 51 m, with most of it lying around 15-24 m (Shah et al., 2007). The water 
table is mostly in unconfined conditions, however, due to overlying clay layer, local confined 
conditions are also possible. Throughout its length, the aquifer is underlain by the outcrops of five 
significant aquifers which strike orthogonal to the river and dip towards the Gulf Coast (Ewing, 
2016); these are, in order from oldest to youngest, the Queen City, the Yegua-Jackson, and the 
Carrizo-Wilcox.  Low permeability terrace alluvium, bordering the floodplain alluvium, marks 
lateral extent of the aquifer (Cronin & Wilson, 1969). The aquifer primarily discharges to the 
Brazos River and is also pumped for irrigation uses (Ewing, 2016; O’Rourke, 2006). The potential 
sources of recharge include rainfall, the Brazos River, and fluxes from underlying major aquifers 
(Chakka & Munster, 1997; O'Rourke, 2006; Turco et al., 2007; Wong, 2012) 
The study area is a small portion of the aquifer located 0.5 Km downstream of the intersection 
of the river with State Highway 60 (SH60) and lies in the Texas A&M University Hydrogeological 
Farm Site (TAMU Farm Site) located in the Burleson County (longitude -96° 25' 24.98", latitude 
30° 32' 11.39"). Within the vicinity of the TAMU site, upward fining was recorded by Wrobleski 
(1996), with a top clay layer averaging around 6 m (a vertisol), followed by a 15-m thick sand and 
gravel layer, underlain by the Yegua-Jackson aquifer. The top portion of the Yegua-Jackson 
formation is a shale layer that separates it from the bottom of the BRAA and creates a nearly 
impermeable barrier. The water table is mostly in unconfined conditions lying below the top clay 
layer (Wrobleski, 1996), at a depth ∽ 8.5 to 9 meters below the natural ground, however, this can 
change during prolonged dry or wet periods. Alden and Munster (1997) suggest that the principal 
source of recharge within the site is river flow discharging into the aquifer during high river stages, 
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but given that the clay is prone to cracking under dry conditions, significant infiltration may be 
possible.  
2.2.2 Data Collection 
The piezometric surface in the broader alluvium was measured at 20-minute intervals in four 
wells (RE, A-3, B-3 and C-3) along a transect across the river. The wells are 30 m, 80 m, 200 m, 
and 420 m away from the western edge of the river respectively (Figure 2.1 c). These wells, which 
are 18.3 m deep with 15-cm long screens, were installed in the late 90’s, during the initial 
construction of the field site (Chakka & Munster, 1997; Wrobleski, 1996).  Water levels were 
converted to elevations based on a Real-Time Kinematic GPS survey completed by Rhodes et al 
(2017). Water level readings were recorded by pressure transducers (Levelogger, Solinst Ltd., 
Canada) and were corrected for atmospheric pressure variations by using a barometric pressure 
sensor (Barologger, Solinst Ltd., Canada) located < 10 km from the wells and river gages. Net 
aquifer discharges to the river between SH21 and SH60 were measured in a separate study (Rhodes 
et al., 2017) and were used here to help choose the correct model, assuming the site is 
representative of other parts of the river between SH21 and SH60. To compare the simulations 
with the field data, measured volumetric discharges (in m3/s) were converted to specific fluxes 
(m3/hr/m) by dividing by 24500 m, which is the length of the river reach between SH21 and SH60. 
This assumes the average specific flux is something that should occur at a given field site. 
Measured river stages at SH60 are available for first 247 days of the record from Rhodes et al., 
(2017). The stages were re-constructed for the rest of the record (from April 01, 2016 to February 
07, 2017) using hydraulic routing in HEC-RAS 1D (see appendix for details) along with the record 
from USGS gage number USGS 08108700 located 24.5 km upstream (USGS, 2018).  
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2.2.3 Modeling Approach  
A range of probable conceptual models revolving around different settings of aquifer lithology 
and the connection between the river and the aquifer were formulated and numerically modeled 
using small-scale, high-resolution 2D-transects in variably saturated code HYDRUS. In all 
models, the domain is 26 meter thick and spans 420 m on each side of the 180 m wide river, which 
has a simplified elliptical channel shape (Figure 2.2) with seepage face boundaries. Well C-3 
marks the lateral boundary of the modeled domain. A 50 cm thick layer around the river channel 
is used to simulate low-conductivity river-bed conditions in applicable models. Since estimates of 
Kcb are not available for the site, based on Pholkern et al., (2015), K values of aquifer materials 
reduced 100 times are used as Kcb. Due to unavailability of the water table data on the east side of 
the river, aquifer symmetry is assumed around the river channel. Numerically simulated well heads 
based on each conceptual model are tested against the observed well heads in three wells B-3, A-
3 and RE. Visual inspection, linear regression coefficients (r2), and RMSE (root mean square error) 
and NSE (Nash Sutcliffe efficiency) statistics (Nash and Sutcliffe, 1970) are used to assess the fit 
between the modeled and the observed data. Instead of model calibration, a range of alternative 
conceptual models are tested against observed data in all three wells. The best-fit model is then 
used to estimate flux exchange between the river and the aquifer. This approach, where a set of 
small-scale, simple models are tested has several advantages: 1) it involves less parameterization 
and allows for use of representative K values, 2) the effects of confounding factors, such as 
recharge to the aquifer from top and inter-aquifer flux exchange from bottom formations, can be 
excluded; and 3) it provides a higher-level view of the overall behavior of flux exchange between 
the river and the aquifer.  
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2.2.3.1 Basis for Alternative Conceptual Models 
Six conceptual models (CM) were developed (Figure 2.2), each based on previous studies, pre-
existing borehole logs, and/or knowledge of fluvial processes typical in low-energy rivers. The 
models have different lithological configurations and depths of river incision, but maintained the 
same material properties (e.g., if a clay layer was present, it was assumed to have the same 
hydraulic conductivity as the clay layers in the remaining models). In all cases, an impermeable 
shale layer marks the bottom of the aquifer. When describing these models, the term “well-
connected river-aquifer system” implies that the fluctuations in river stage are propagated 
proportionately in the entire aquifer modeled domain, whereas, a “poorly-connected system” 
implies that river stage fluctuations are significantly to completely attenuated as they travel into 
the aquifer. Conceptual models are explained below: 
 CM 01: Hypothetical homogenous aquifer comprised of high-conductivity sand and gravel 
material above the bottom shale. Suggestive of a very well-connected river-aquifer system.  
 CM 02: Hypothetical three-layered aquifer comprised of uniform clay layer on top of sand 
and gravel. River is assumed to incise within the top clay layer. Suggestive of a poorly 
connected system. 
 CM 03: As suggested by Wrobleski (1996) and predominantly assumed. Three-layered 
aquifer comprised of clay layer on the top of sand and gravel. River incises through the top 
two layers. Presence of thin, discreet sloping clay lenses close to the river.  
 CM 04: Hypothetical case of three layered aquifer comprised of clay top, sand and gravel 
middle and shale bottom. River incises through to the bottom shale layer.   
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 CM 05: As suggested by Shah et al., (2007). This model assumed a poorly-connected 
system with homogeneous, low-conductivity material surrounding the river channel.  
 CM 06: As suggested by Rhodes et al (2017). Only a small portion of the aquifer close to 
the river is well-connected with the river, whereas the majority of the aquifer is 
disconnected from the river because of the presence of an abandoned channel separating 
the two.    
Table 2.1: Van Genuchten parameters used in the study 
Material θr (-) θs (- ) α (1/m) n (-) Ks (m/d) l (-) 
Top Clay 0.108 0.450 0.018 1.250 0.046 0.500 
Sand & Gravel 0.053 0.300 0.035 3.177 80.00 0.500 
Bottom Shale 0.068 0.380 0.800 1.090 0.0002 0.500 
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Figure 2.2: Six alternative conceptual models not drawn to scale. All the conceptual models have same dimensions 
and material properties. A) Conceptual model 1. B) Conceptual model 2. C) Conceptual model 3. D) Conceptual 
model 4. E) Conceptual model 5. F) Conceptual model 6. A proximal and a distal monitoring well are shown, where 
the proximal well represents the approximate location of the river edge well. 
2.2.3.2 Numerical Models 
HYDRUS 2D/3D (version 2.103 PC-Progress, Prague, Czech Republic) was used for 
numerical modeling. It solves the partial differential form of Richards’ equation using a finite 
element approach to describe transient subsurface flow in variably-saturated porous media 
(Šimůnek et al., 2011). Well C3 was used to proscribe a variable head (first-type) boundary 
condition (BC) on either side of the domain. The land surface adjacent to the channel and the 
bottom of the domain was described as no-flow BC. The continuously measured river stage served 
as the variable head BC (first-type boundary) for the defined river channel nodes which switches 
to a seepage face BC when the specified nodal head is negative (Šimůnek et al., 2011). All time-
variable input data were implemented as hourly values. To obtain reasonable initial conditions for 
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the transient simulations, first the models were run for a 21 day spin-up period with forcing from 
the first 21 days of the data record. Hydraulic properties of the materials are adopted from earlier 
work (Zhang, 2014) and are shown in Table 2.1. The Van Genuchten-Mualem (1980) formulation 
was used for the unsaturated flow simulations, which includes saturated hydraulic conductivity 
(K), Residual Water Content (θr), Saturated Water Content (θs), α is the inverse of the air-entry 
value (or bubbling pressure), n is a pore-size distribution index, and l is a pore-connectivity 
parameter.  
2.3 Results 
2.3.1 Measurements - Groundwater Table, River Stage, and Discharges 
Figure 3 shows hydraulic head, river stage and discharges for two separate periods used in the 
study. From April 28, 2015 to January 29, 2016 (period 1), continuous hourly records of river stage 
at SH60 and heads for Well C-3 and B-3 are available for 247 days while for well A-3 it lasts for 
199 days (Figure 2.3 a).  Measured discharges were available for selected eight periods, a total of 
102 days (Figure 2.3 b). From April 01, 2016 to February 07, 2017 (period 2), re-constructed river 
stages at SH 60 and measured hourly records for the newly added well R-E including C-3, B-3 and 
A-3 are available for 347 days (Figure 2.3 a).  
During period 1, the river stage ranged from 67.8 masl (meters above sea level) during historic 
flood in late-April, to 54.8 masl at the end of drought in late-September. In contrast, the water table 
in the wider aquifer, at well C-3, only varied slightly from 60.4 masl, in mid-January, to 58.1 masl 
in late-April. This pattern was also evident during period 2, when the river stage dropped by 11.4 
m in contrast to a drop of 3.78 m in well C-3. Well B-3 and A-3 behaved in a similar fashion. 
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Throughout the record, the piezometric surface in the wider aquifer (C-3, B-3, A-3) sloped towards 
the river (gaining river conditions), except during high river stages (grey patches in Figure 2.3a) 
when the hydraulic gradient slightly shifted away from the river (losing river conditions) for a 
short time period and began to reverse back as the river stage recedes. This shows that the effects 
of large river changes are attenuated considerably in the wider aquifer. The average hydraulic 
gradient during gaining conditions is approximately 0.002. In contrast to wider aquifer, 
piezometric surface in RE well is very responsive to the river stages, as can be seen during period 
2, with sudden slope reversals happening over short time periods. This shows that the effects of 
even small river changes propagates rapidly in the closer aquifer. Discharges varies from a high of 
197.0 m3/day, during the beginning of recession period in mid-June, to almost 0 m3/day, towards 
the end of drought in late-September. This pattern was also evident elsewhere when discharges 
dwindled as the river stage continued to drop (Figure 2.3b). 
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Figure 2.3: Measured data. A) River stage at SH60 and hydraulic heads in wells, C-3, B-3, A-3 and RE, corrected to 
the same datum. Data is shown in two continuous periods, period 1 from April 28, 2015 to January 29, 2016 and 
period 2 from April 01, 2016 to February 07, 2017, separated by gap where no data was available. Gray patches 
show periods when water table in the farther aquifer fall below the river stage B) Net discharges measured in the 
reach between SH21 and SH60 were available only during period 1. The net discharges values are shown per unit 
length of the reach between SH21 and SH60 for comparison with 2D modeled fluxes.     
2.3.2 Model Results  
In the discussion below the results from the numerical models that are conceptually similar 
have been grouped together for clarity. 
2.3.2.1 CM 1, CM 3 and CM 4 
The models CM 1, CM 3 and CM 4 all represent a well-connected river-aquifer system but 
vary by degree. All the three models can explain the piezometric heads near the river (Well RE - 
Figure 2.4a, c, d), with r2 = 0.979, 0.975 and 0.981, NSE = 0.970, 0.971 and 0.976 and RMSE = 
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0.373, 0.365 and 0.335 (Table 2.2) respectively. For Well RE (green line in Figure 2.4), simulated 
piezometric levels were in close agreement with the observed piezometric levels throughout the 
simulation period in all the three models. Models CM 3 and CM 4 explain Well RE slightly better 
than CM 1, as evident by the improved statistics. However, the models fail to explain the water 
table in the well in the center of the profile (Well B-3), with r2 = 0.866, 0.887 and 0.884 and NSE 
= 0.719, 0.776 and 0.791 and RMSE = 0.561, 0.500 and 0.483 respectively. For Well B-3 (blue 
line in Figure 2.4), the models over-predict the magnitude of fluctuations in the piezometric 
surface. Although during period 2, the difference between simulated and observed head is smaller 
as compared to period 1, overall, the models fail to explain the rather attenuated response of aquifer 
at Well B-3. These simulations suggest that as the river stage fluctuates, proportionate fluctuations 
propagate in the aquifer throughout the modeled domain, a well-connected system. While this 
assumption holds true for Well RE, it does not explain Well B-3. Overall, CM 1, CM 3 and CM 4 
explains the piezometric surface in the aquifer close to the river but fails as we move further into 
the aquifer.   
The flux between the river and the aquifer (Figure 2.5) alternates from being towards the 
aquifer when the river stage is higher than the piezometric surface (recharge), to towards the river 
when the piezometric surface is higher than the river stage (discharge and seepage). During the 
long recession periods (Figure 2.3 a), from 17th Jun., 2015 to 25th Sep. 2015 and 18th Aug., 2016 
to 15th Jan., 2017, the aquifer continued to discharge into the river which reverses abruptly to 
recharge as the river stage rises above the piezometric surface. Additionally, seepage also occurs 
whenever the piezometric surface is well above the river stage. Cumulative discharge and recharge 
are highest in CM 1 (6540 and 2958 m2 respectively), followed by CM 3 (5069 and 2363 m2 
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respectively) and CM 4 (1929 and 1900 m2 respectively). In contrast, seepage is highest in CM 4 
(1936 m2), followed by CM 3 (288.0 m2) and CM 1 (171.0 m2). In general, these models suggests 
that entire modeled domain exchanges water with the river.  
2.3.2.2 CM 2 and CM 5 
CM 2 and CM 5 essentially represent a poorly-connected system, but again vary by degree. 
Contrary to the well-connected conceptual models, both CM 2 and CM 5 can explain the 
piezometric heads in the in the wider aquifer (Well B-3 - Figure 2.4 b, e), with r2 = 0.979 and 
0.984, NSE = 0.964 and 0.958 and RMSE = 0.198 and 0.216 respectively (Table 2.2). For Well-
B-3, the simulated piezometric heads were in close agreement with the observed piezometric heads 
throughout the simulation period. Model CM 2 better captured the magnitude of fluctuations in 
Well B-3, hence high NSE and low RMS values, whereas CM 5 slightly under-predicted the 
fluctuations.  However, the two models failed to explain the water table in Well RE, with r2 = 
0.953 and 0.723, NSE = 0.826 and 0.507 and RMSE = 0.899 and 1.415 respectively for CM 2 and 
CM 5 (Table 2.2). These models suggest that the river stage fluctuations are considerably 
attenuated in the aquifer throughout the modeled domain, a poorly connected system. While this 
holds true for Well B-3, it fails to explain the higher magnitude of fluctuations observed at Well 
RE. For Well RE, the models under-predict the water table fluctuations. Overall, models CM 2 
and CM 5 explain the piezometric surface in the wider aquifer but falls apart as we move closer to 
the river.  
The flux exchange between the river and aquifer is very small for CM 2 and negligible for CM 
5 (Figure 2.5). The river channel incises completely through the top clay layer in CM 2 and is 
completely surrounded by low conductivity material through to the bottom of the aquifer in CM 5 
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producing even decreased flux exchanges. As a result, CM 2 produces higher cumulative 
discharge, seepage and recharge (1372, 119.0 and 706.0 m2 respectively) than CM 5 (94.00, 42.00 
and 126.0 m2 respectively). 
2.3.2.3 CM 6 
Unlike above conceptual models, CM 6 well explains the hydraulic heads in both Well RE and 
Well B-3 (Figure 2.4 f). The value of r2, NSE and RMSE for Well RE are 0.984, 0.967 and 0.396, 
and for Well B-3 are 0.987, 0.972 and 0.177 respectively (Table 2.2). The statistics for individual 
wells are better than any other conceptual model. This model suggests that fluctuations in the river 
stage propagate only up to a certain small distance into the aquifer (<80 m). Before they reach 
Well A-3, located ∽ 200 m from the western river edge, they are attenuated by the low-
conductivity barrier. Overall, CM 6 explained the response of both the wider and the closer aquifer 
and therefore is the only conceptual model that explains the response of entire aquifer. 
Consequently, the cumulative discharge and recharge in CM 6 (2608 and 1369 m2 respectively) 
are greater than that of a poorly-connected system, say CM 2, and are smaller than that of a well-
connected system, say CM 1. However, the seepage in CM 6 (32.25 m2) is smaller than any of the 
other conceptual models.  
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Table 2.2: Model evaluation: Results of the statistical measures for each of the six conceptual models for Well B-3 
and RE. The slope and intercept p-values are associated with statistical significance of r2 values. Green and blue 
highlighted rows represent conceptual models that explain Well RE and Well B-3 respectively.  
Conceptual Model Well  r2 
p-value (Slope 
& Intercept) 
Statistically 
Significant 
NSE RMSE 
CM1 
Well B 0.866 < 0.00100 Yes 0.719 0.561 
Well RE 0.979 < 0.00100 Yes 0.970 0.373 
       
CM2 
Well B 0.979 < 0.00100 Yes 0.964 0.198 
Well RE 0.953 < 0.00100 Yes 0.826 0.899 
       
CM3 
Well B 0.887 < 0.00100 Yes 0.776 0.5 
Well RE 0.975 < 0.00100 Yes 0.971 0.365 
       
CM4 
Well B 0.884 < 0.00100 Yes 0.791 0.483 
Well RE 0.981 < 0.00100 Yes 0.976 0.335 
       
CM5 
Well B 0.984 < 0.00100 Yes 0.958 0.216 
Well RE 0.723 < 0.00100 No 0.507 1.415 
       
CM6 
Well B 0.987 < 0.00100 Yes 0.972 0.177 
Well RE 0.984 <0.00100 Yes 0.967 0.396 
44 
 
 
Figure 2.4: Simulated heads for six conceptual models for the entire period. Solid green and blue lines represent 
observed hydraulic heads in Well RE and Well B-3 respectively, whereas, dashed lines represent simulated hydraulic 
heads for the respective wells.   
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Figure 2.5: Simulated fluxes for six conceptual models for the entire period. On left side axis, plotted are the recharge 
and discharge fluxes. On right side axis plotted are the seepage fluxes. Positive fluxes represent either seepage or 
discharge from aquifer to river, whereas, negative fluxes represent recharge from river to aquifer.  
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2.3.2.4 Simulated vs Measured Net Discharge  
To compare the measured discharges with simulated discharges from the conceptual models, 
measured volumetric discharge rates (in m3/s) were converted to specific fluxes (m3/hr/m) by 
dividing by 24500 m, length of the river reach between SH21 and SH60. It is important to note 
that an inherent assumption underlies in computing the specific fluxes per unit length of the reach 
that the width of well-connected portion of the aquifer is the same throughout the 24500 m reach 
of the river between SH21 and SH60. Even the most well-connected case, CM 1 that produces 
highest fluxes, hugely underestimates the amount as well as slope of the discharge curve (Figure 
2.6). This difference shows that the underlying assumption is not true. While the width of the well-
connected zone may be small at the study site (close to SH60), it widens out further into the aquifer 
as we move along the river and hence the net discharge measured over the reach is higher than 
predicted by the simulations at SH60. From this we hypothesize that the width of the well-
connected zone varies along the river length; it is small at places where the river is at or close to 
the edges of the aquifer, for example SH60 and SH21 locations in Figure 2.1 b), and is considerably 
widened at places where the river is close to the center of the aquifer, for example midway between 
SH60 and SH21 in Figure 2.1 b). The difference in slopes between the simulated and measured 
discharge curves may be attributed to the combined effect of the size of well-connected zone as 
well as head difference between the river stage and the piezometric surface in the aquifer that may 
exist at other sites along this reach.  
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Figure 2.6: Observed vs. simulated discharges for select periods. Simulated discharges are shown for conceptual 
model with the highest fluxes i.e. CM 1, and the conceptual model proposed in the study i.e. CM 6 only.  
2.3.3 Sensitivity Analysis 
To take into account the effect of potential uncertainties in estimated parameters and input data 
on the overall selection criteria for best-fit conceptual model, a sensitivity analysis was performed. 
Saturated hydraulic conductivity and river stage values were deemed as the potential sources of 
uncertainty in this study. Based on judgement and experimentation, we determine that the outputs, 
simulated head, discharge and recharge, are sensitive to K values and the impact of van-Genuchten 
parameters is negligible. This is due to the fact that only the top clay layer and small portions of 
upper sand & gravel layer seldom undergo unsaturated during the simulation period, and hence for 
the most part, the flux exchange occurs through the saturated zone. Another potential source of 
uncertainty is the river stage, here used as variable-head BC. This uncertainty is caused by the 
potential datum conflict between wells in the aquifer and gage in the river channel. The objective 
here is to simply determine if uncertainties in K and river stage change the overall best-fit 
conceptual model selection, based on the criteria established earlier. For this purpose, we increase 
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and decrease both K and river stage values by ±20 % of their respective base values (values used 
earlier to find the best-fit conceptual model) and the effect on simulated head and statistical 
measures were recorded. No perceptible change in the hydraulic head was observed when K values 
were increased or decreased. However, fluxes through the river-bed, discharge and recharge, are 
relatively sensitive to the K values (Figure 2.7 a, b) and the sensitivity of fluxes to K varies with 
the conceptual model. River stage effects hydraulic heads directly. Whereas, in case of fluxes, 
river stage also effects flux reversal patterns along with the flux magnitude (Figure 2.7 c, d). For 
example, during the period from August 11, 2015 to August 15, 2015, increasing the river stage 
changes the direction of flux from recharge to discharge as compared to the base model (Figure 
S1 through S4 Appendix).   
Nevertheless, small changes in magnitudes of hydraulic head, the overall statistical measures 
between measured and observed hydraulic head repeat the same pattern as that shown by the 
conceptual models with base values (Table 2) and still only CM 6 explains the response of entire 
aquifer. Hence, it can be established that the model selection criteria is neither sensitive to K nor 
to the river stage values.  
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Figure 2.7: Sensitivity Analysis. A) Effect of River stage uncertainty on hydraulic heads in Well B-3. B) Effect of river 
stage uncertainty on flux exchange. C) Effect of K uncertainty on hydraulic heads and D) Effect of K on flux exchange. 
Results are shown for the proposed conceptual model, CM 6, only. 
2.4 Discussion 
2.4.1 Effect of Aquifer Lithology and River Incision on Head and Flux 
All the six conceptual models have different configurations of aquifer lithology and river 
incision, which in turn results in different predicted water table conditions. In CM 1, the water 
table always remains unconfined. In CM 3 and CM 4, the water table at the furthest well, Well B-
3, remains unconfined during most of the simulation period (∽2.5 m below the clay bottom) except 
during the high flow seasons, for example from 10th May, 2016 to 8th Aug, 2016 (∽1.4 m above 
the clay bottom). The water table at closer well, Well RE, remains confined during the period from 
20 Apr, 2016 to 14th Jul, 2016 (∽ 0.9 m above the clay bottom) and is unconfined from 18th August, 
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2016 to onwards (∽2.6 m below the clay bottom). Although CM 3 and CM 4 explains Well RE 
slightly better than CM 1, as evident by the improved statistics, the overall results show that 
different settings of aquifer lithology and river incision does not have a pronounced effect on the 
water table heads. However, these conditions have affected the fluxes between the river and the 
aquifer quite evidently. Together, the top clay layer and clay lenses in CM 3 have reduced total 
volume of discharge by 29 %, recharge by 25 % and has increased seepage by 40% compared to 
CM 1. The decrease in discharge and  recharge in CM 3 is majorly attributed to the decrease in 
perimeter of the river channel connected with the conductive sand and gravel layer. It is important 
to note here that based on the earlier work (Wrobleski, 1996; Alden & Munster, 1998; Chakka & 
Munster 1997; Munster et al., 1996) information about the location of clay lenses was not 
available. Hence, in CM 3, discreet clay lenses, in shapes and sizes as suggested by the above cited 
studies, were arranged hypothetically between the river and the wells to create maximum possible 
disconnection between the river and the aquifer in order to test their potential as a barrier. The 
result show no significant decrease in the fluxes, which rules out the possibility of the potential of 
thin discreet clay lenses to cause a disconnection of the sort found in observed data. 
In CM 4, the discharge volume has reduced by 239 %, recharge by 55.0 % and seepage has 
increased by 1032 % compared to CM 1 as a result of top clay layer and river incising in bottom 
shale. The decrease in discharge and large increase in seepage in CM 4 is attributed to the fact that 
only a small perimeter of river channel lying in the middle was in connection with the sand and 
gravel portion. As a result, during low river stages, for example from 17th Jun, 2015 to 25th Sep 
2015, water level in the river was within the lower portion of the river channel surrounded by shale 
and essentially zero flux exchange occurred through the river bed during the time period and most 
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of the aquifer flows into the river came through the seepage face boundary. In CM 4, seepage 
amount is of the same order as that of discharge and recharge. In going from CM 1 to CM 3 and 
to CM 4, seepage increases. This is attributed to the presence of low-conductivity high-water-
holding-capacity clay around the river bed which provides more sustained supplies to fluxes 
compared to high-conductivity low-water-holding-capacity sand-gravel. From this follows the 
importance of seepage consideration in river-aquifer flux exchange assessments.   
In CM 2, due to the presence of thick clay layer on top of the aquifer, water table always remain 
in confined conditions throughout the modeled domain (∽ 3 m above the bottom of top clay), 
whereas in CM 5, it is always in confined conditions close to the river channel and unconfined 
conditions as moves away from the river.  Although CM 2 better explains water table in Well B-
3, evident by improved statistics, the overall impact of aquifer lithology is not pronounced in heads 
in the aquifer. However, there is a large decrease in fluxes in CM 5 compared to CM 2, which is 
attributed to the fact that in CM 2, below the river bottom lies conductive sand and gravel layer, 
which allowed flux exchange with the river, whereas in CM 5, there is low conductivity material 
below the river through to the bottom of the aquifer, hence allowing almost no exchange between 
the aquifer and the river. 
From above discussion, it follows that while the flux exchange between river and aquifer is 
very sensitive to aquifer lithology and river incision depth, the effect of these factors on well heads 
is not pronounced. Different settings of aquifer lithology and river incision depth can produce very 
similar heads in the wells, but the hydraulic head distribution in the aquifer close to the river and 
hence the river-aquifer flux exchange varies quite drastically between them. Careful representation 
of aquifer lithology especially surrounding river channel is very important in assessment of river-
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aquifer flux exchange. Models lacking thereof while constrained only by the hydraulic gradients 
in the wider aquifer may not represent the real flux exchange.         
2.4.2 Effect of River Stage on Flux Reversals 
For conceptual model 1 through 5 (Figure 2.5 a to f), the results show that as the river stage 
gets higher than a critical value above the water table, flux reversal occurs simultaneously in all of 
the conceptual models. For example, at the start of period 1 on Jun 17, 2015 0:00, the river stage 
was 3.238 m higher than the water table at the Well C-3 and the flux direction was into the aquifer 
which suddenly reversed to discharges into the river on Jul 8, 2015 15:00 as the river stage gets 
0.048m below the water table. The largest continuous supply of discharges came during the two 
prolong droughts in period 1 and period 2 (Figure 2.3a). However, in conceptual model 6, the flux 
reversal is more frequent than the rest as it is independent of the water table in the farther aquifer. 
It rather depends upon the relative height of piezometric surface close to the river. For example, 
in period 2 from Nov 9, 2016 5:00 to Nov 16, 2016 11:00, although the water table at Well C-3 
was ∽1.969 m higher than river stage, the river still continued to discharge fluxes to the aquifer. 
This is because the water table close to the river, at Well RE, was ∽ 0.2 m below the river stage 
(Figure 2.8).  
A large body of literature on river-aquifer interactions (Fleckenstein et al., 2010) has 
demonstrated that exchange fluxes tend to be highly variable in time (e.g. Anibas et al., 2009; 
Schmidt et al., 2012). And an improved quantification of this variability is an important 
prerequisite for a better understanding of the biogeochemical processing of nutrients (e.g. 
Zarnetske et al., 2012; Krause et al., 2013) and pollutants (e.g. Greenberg et al., 2002; Schmidt et 
al., 2011) in the transition zone between ground- and surface water. Barlow and Coupe (2009) 
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investigated the flux reversal in Bogue Phalia River in Florida caused by high-flow events i.e. high 
river stages. They demonstrated that exchange through the riverbed and a critical stage for flow 
reversals can be determined by using heat as a tracer even with little available hydraulic head data. 
They determined one critical river stage after which flux reversals occur in the system. Bartsch et 
al., (2013) found out that the reversal of fluxes is rather dynamic and can occur at different river 
stages depending upon the groundwater flow field. They have argued that heat tracer alone is 
insufficient and hydraulic head data at sufficient temporal resolution is very important in flux 
exchange assessments. Our results demonstrate that flux reversals are sensitive to the spatial head 
distribution in the aquifer in addition to temporal changes. Because of the hydrogeological 
heterogeneity, the piezometric surface as measured in the wider aquifer may not represent the 
groundwater flow field close to the river. This underlines the importance of adequately capturing 
the groundwater flow field in the entire aquifer at sufficient spatial resolution, in addition to 
temporal resolution, for adequate characterization of flux exchange between aquifer and river.  
 
Figure 2.8: Relationship between river stage and water table at Well C-3 and Well RE. Grey highlight show periods 
when river stage was lower than water table at Well C-3 but higher than Well RE and the flux direction was towards 
the aquifer.   
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2.4.3 Effect of River-bed Clogging on Flux Exchange 
River-bed clogging decreases the magnitude of flux exchange and effects hydraulic heads 
depending upon the gaining and losing river conditions (Figure 2.9). During high river flows i.e. 
loosing conditions, for example from Apr 27, 2016 to Jun 5, 2016, heads in the aquifer are 
attenuated (by ∽ 0.173 m in this case) and recharge is reduced in the post river-bed clogging 
simulation. This is because the presence of low-conductivity layer surrounding river channel 
reduces fluxes from river towards aquifer and in turn decreases heads in the aquifer. During low 
flows i.e. gaining conditions, for example from Sep 7, 2016 to Nov 6, 2016, heads in the aquifer 
are increased (by ∽ 0.2 m in this case) while the discharges from the aquifer is reduced in the post 
river-bed clogging simulations. This time the presence of low conductivity layer reduces the 
discharges from the aquifer to the river and hence allows for higher heads in the aquifer. The 
seepage, however, increases contrary to the recharge and the discharges. The low-conductivity 
layer surrounding the river channel allows for more sustained supply of fluxes through the seepage 
face. The cumulative recharge and discharge have decreased by 11% and 4% respectively, while 
seepage has increased by 34%.  The inclusion of a low conductivity river bed has slightly improved 
the overall quality of simulation. The value of r2 increases from 0.979 to 0.982, RMSE decreases 
from 0.373 to 0.340 and NSE increases from 0.970 to 0.974, as shown in Figure 2.8.  From the 
discussion above, it also follows that although low river-bed conductivities can cause attenuation 
of heads in the aquifer during losing conditions, their effect is not significant to cause a 
disconnection between the river and the farther aquifer of the sort found in observed data.    
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Figure 2.9: Effect of low conductivity river-bed for period 2. Each plot shows simulated output with and without low-
conductivity river-bed for: A) Hydraulic heads, Well RE. B) Discharges (positive flux) and recharge (negative flux). 
C) Seepage.       
2.4.4 Implications of Proposed Conceptual Model for Water Management  
The results of the study demonstrate that only a small portion of BRAA, lying close to the 
Brazos River, is well-connected with the river, whereas, the greater aquifer lies disconnected by 
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some sort of geological barrier. The flux exchange between the river and the aquifer is restricted 
to this relatively small zone. When compared to the generally accepted conceptual model CM 3--
-which assumes that entire aquifer is well-connected---the cumulative recharge and discharge in 
CM 6 are smaller by 151 % and 116 % respectively. This finding has important implications for 
water management in the area especially from the point of view of conjunctive use of surface- and 
groundwater. On one hand, CM 3 over-estimates the amount of water available to the river from 
the aquifer, especially in prolonged dry periods which are not uncommon in Texas. On the other 
hand, it also over-estimates recharge to the aquifer which has consequences to downstream surface 
water right users. Furthermore, the study finding also has important consequences for the regional 
BRAA Groundwater Availability Model (GAM) (Ewing, 2016). In the GAM, the discharges 
amounts are estimated based on hydrograph separation analysis (Ewing, 2016) which does not take 
into account the suggested compartmentalization of the aquifer. Also, losing and gaining reaches 
of the Brazos River were identified based on hydraulic heads in the aquifer within 2 miles of river 
gaging stations. These assumptions by GAM model imply that the entire aquifer is connected with 
the river and hence over-estimate the amount and time period of available discharge supplies. 
Finally, the proposed conceptual model also suggests that flux exchange within the two 
compartments of the aquifer is insignificantly small to be taken into account in the river-aquifer 
flux exchange process. This has important consequences for the disconnected portion of the aquifer 
about potential sources of recharge and discharge. For example, rainfall recharge from top and 
inter-aquifer flux exchange with the bottom aquifers may be more important processes to consider 
in large-scale regional models covering entire aquifer (O’Rourke 2006).    
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Figure 2.10: Simulated vs. Observed hydraulic heads. Row A) through F) represents conceptual model 1 through 6 
respectively. Column B-3 and RE represents Well B-3 and Well RE respectively. Dotted grey line represents linear 
regression fit to the data, whereas, black solid line through the center of the plot represents 45o line. 
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2.5 Conclusions 
The main focus of this study was to investigate several alternative conceptual models about 
the degree of connection between BRAA and Brazos River to determine the one that best explains 
the river-aquifer interaction and then to quantify and characterize corresponding flux exchange 
dynamics. Six alternative conceptual models were tested against continuously monitored hydraulic 
head in the aquifer at two wells, located proximal and distal from the river channel, to accurately 
capture the effect of geological heterogeneity on the groundwater flow field. We additionally 
focused on how different factors, such as, aquifer lithology, river channel incision, water table 
conditions, seepage face boundaries and low-conductivity river-bed effect hydraulic head 
distribution and the corresponding flux exchange dynamics.  
With respect to the conceptual model for BRAA and Brazos River, our results demonstrate 
that only a small portion of the aquifer is well-connected with the river, whereas, the greater aquifer 
is disconnected due to geological heterogeneity in between (Figure 2f).  The flux exchange is 
restricted to this small zone lying close to the river channel and hence the water table slopes in the 
farther aquifer does not accurately define the flux exchange magnitudes and flux reversals patterns. 
While the width of connected zone may be small at our study site SH60 (< 80 m from the river 
banks), large yet finite volumes of observed discharges show that the zone further spreads out into 
the aquifer as it moves alongside the river reach (Figure 6).   
With respect to the identification of important factors and processes that control the dynamics 
of river-aquifer flux exchange, our results demonstrate that: 
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 Flux exchange magnitudes and flux reversal patterns are very sensitive to a) aquifer 
lithology close to the river channel and corresponding river incision and b) groundwater 
flow field close to the river channel.  
 Due to geological heterogeneity, spatial distribution of hydraulic head may not be the same 
in the entire aquifer. Hence, piezometric head data measured at adequate spatial resolution 
should be used in river-aquifer interaction studies. Incorporation of measured discharges 
data in model development is also highly recommended. 
 Seepages, which are often neglected in model development, can be of the same order as 
that of flow through the river bed depending upon aquifer lithology and corresponding river 
incision. 
 Low conductivity river bed attenuates water table during high-river stages, increases water 
table during low-river stages, decreases flux magnitudes through the river bed and 
increases. This may have important consequences on the exchange of nutrients and 
biogeochemical processes in the transition zone and should be incorporated in such studies.   
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CHAPTER III 
3 CONCLUSION 
3.1 Summary of the Findings 
This study determines the degree of connection between Brazos River Alluvium Aquifer and 
Brazos River and quantifies and characterizes the flux exchange dynamics at TAMU Farm Site. 
Alternative conceptual models, each based on previous studies, preexisting bore logs, and/or 
knowledge of fluvial processes typical in low-energy rivers, were tested against observed water 
levels in the aquifer. Instead of model calibration, a range of alternative conceptual models were 
tested against observed data at two locations in the aquifer. The best-fitting model was then used 
to estimate flux exchange between the river and the aquifer. Additionally, the study focused on 
how different factors, such as, aquifer lithology, river channel incision, water table conditions, 
seepage face boundaries and low-conductivity river-bed effect hydraulic head distribution in the 
aquifer and the corresponding river-aquifer flux exchange dynamics.  
With respect to the conceptual model for BRAA and Brazos River, our results demonstrated 
that only a small portion of the aquifer was well-connected with the river, whereas, the greater 
aquifer was disconnected due to geological heterogeneity in between (Figure 2f).  The flux 
exchange was restricted to this small zone close to the river channel and hence the hydraulic 
gradient in the wider aquifer did not define the river-aquifer flux exchange magnitudes and flux 
reversals patterns. The river-aquifer flux exchange was rather sensitive to the hydraulic gradient 
in the connected zone. While the width of connected zone may be small at our study site, SH60 (< 
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80 m from the river banks), large yet finite volumes of observed discharges show that the zone 
further spreads out into the aquifer as it moves alongside the river reach (Figure 6).   
With respect to the identification of important factors and processes that control the dynamics 
of river-aquifer flux exchange, our results demonstrated that: 
 Flux exchange magnitudes and flux reversal patterns were very sensitive to a) aquifer 
lithology close to the river channel and corresponding river incision and b) groundwater 
flow field close to the river channel. However, hydraulic head were shown to be much less 
sensitive to the above factors.  
 Due to geological heterogeneity, spatial distribution of hydraulic head may not be the same 
in the entire aquifer. Hence, piezometric surface measured at adequate spatial resolution 
should be used in river-aquifer interaction studies. Incorporation of measured discharges 
data in model development is also highly recommended. 
 Seepage, which are often neglected in model development, can be of the same order as that 
of flow through the river bed depending upon aquifer lithology, piezometric surface and 
river incision depth. 
 Low conductivity river bed attenuated piezometric head during high-river stages, increased 
water table during low-river stages, decreased flux magnitudes through the river bed and 
increased seepage. This may have important consequences on the exchange of nutrients 
and biogeochemical processes in the transition zone and should be incorporated in such 
studies.  
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3.2 Directions for Future Research  
In this study, the interaction between Brazos River Alluvium Aquifer and Brazos River is 
investigated at only one site, SH 60. Future research could use similar alternative conceptual model 
strategy to determine the best-fitting model at other places in the aquifer along the reach between 
SH 21 and SH 60. Two ideal locations would be 1) in the middle of the reach and 2) at the SH 21 
site. This might explain the rather large volume of discharges measured in the field which cannot 
be explained by the modeled results in this study. It might also be helpful in identifying a general 
pattern on how the width of connected zone varies along the river throughout the entire aquifer 
length. Together, it could provide an effective way to incorporate geomorphological aspects of 
alluvium aquifers in regional-scale numerical models. Almost all the groundwater models 
available commercially lack the ability to explicitly incorporate geomorphology of rivers and their 
alluviums.   
Furthermore, this study covers a small portion of the aquifer (< 420 m on each side of the 
river). Future studies could include wells located in the wider aquifer, covering the full lateral 
extent. Consequently, more processes, such as, recharge from top, evapotranspiration and inter-
aquifer flux exchange from bottom aquifers could be added on top of the factors included in this 
study. From this, potential sources of aquifer recharge and discharge could be determine for the 
entire aquifer and the water budget models for the BRAA system could be improved. This will be 
particularly important from the point of view of the portion of BRAA disconnected with the river, 
where inter-aquifer leakage could be an important player in the recharge and discharge dynamics 
of not only BRAA but other underlying major aquifers. Finally, based upon the outcomes of above 
studies, a 3D regional-scale level model could be constrained between SH 21 and SH 60 and 
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compared with the BRAA GAM outputs. Future research could also be devoted to determine 
effective ways to incorporate important factors and processes into regional-scale groundwater 
models.   
The outcomes of this study suggest that seepage could be a significant portion of the river-
aquifer water exchange and hence should be incorporated in the flux exchange assessment studies. 
While many studies recognize the need and importance of seepage face boundaries, there is no 
information available on field based methods to measured flux volumes entering the river through 
the seepage face boundary. Future research could be devoted to field measure seepage.   
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5 APPENDIX A 
Steps to Run Simulation in HYDRUS GUI 
Following steps were used in all the conceptual models unless specified. 
1) Define Geometry: 
The first step is to define geometry of the domain. This includes defining the shape of aquifer 
and river channel. I used following three mesh sizes or spaces between the nodes to 
appropriately capture the geometry: a) 0.3 m for majority of river channel nodes; however, for 
few of the top ones, increased nodal spacing, 0.5 to 0.8 m, was used depending upon the 
requirement to create finite grid for the entire modeled domain. 
2) Define Material Properties: 
The three types of materials used in the study are defined in section 2.2.3.1 and their hydraulic 
properties are shown in Table 2.1.  
3) Boundary Conditions: 
Different kinds of boundary conditions used have been defined in section 2.2.3.3.  
4) Define Initial Conditions: 
In all case, following steps were followed before final transient simulations were run: 
a) After everything has been defined until step 3), first simulations were run to get realistic 
initial conditions that would be used later in the transient simulations. For this 
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simulation, pressure head distribution, being equal to the first value in the data record, 
varying linear from top to bottom of the domain were used as initial conditions. The 
simulations were then run for the next 21 days of the record until reasonable steady 
state is achieved. Note that in HYDRUS there is no option to directly calculate steady 
state unlike MODFLOW. So the simulations were run until fluxes became constant.  
b) The final pressure distribution from step a) were then imported as initial conditions in 
a new set of model keeping everything else the same. The transient simulation were 
then run for the entire period.      
5) Output Processing: 
Although HYDRUS allows to get outputs at specified time intervals, the output text files 
contain random values at time steps in between. The difference in time steps shifts the whole 
series relative to the observed data which gives a false sense of time lag between simulated 
and observed values. So especial care should be taken in removing those time steps in outputs 
before they are compared with observed data.   
Data Files 
The excel files containing input and output data used in the study are described below. All the 
files are available on Synology in the folder “Tayyab_MSThesis_Folder” located at 
DriveName:\Student Folders\Tayyab Mehmood\DATA. 
1) Input Files: 
Excel File Name:   Period_1.xlsx 
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The file contains input data for the period 1, April 28, 2015 to January 29, 2016, including 
discharges, hydraulic heads in all three wells and river stage at SH 60. The original dataset at 
20 minutes interval and hourly averaged values---averaged around the center value---both are 
shown. The sheets are named accordingly.  
Excel File Name:   Period_2.xlsx 
The file contains input data for the period 2, April 01, 2016 to February 07, 2017, including 
hydraulic heads in all four wells (RE was added during this period) and river stage at SH 60. 
The original dataset at 20 minutes interval and hourly averaged values---averaged around the 
center value---both are shown. The sheets are named accordingly.  
There is a sheet “Both Periods @ Hourly” which contains both the periods combined date-
wise.  
Excel File Name:   Initial_and_Final_Cond..xlsx 
The files contains information on how to convert the hydraulic heads to pressure heads and all 
the relative information. Read the comments in the excel file for details.  
Excel File Name:   Lag_Between_SH60&SH21.xlsx 
This files contains river stages at SH 21 and SH 60 for the period 1. These are the measured 
river stages as measured in Rhodes et al., 2017.  
2) Output Files 
Excel File Name:   Models_results.xlsx 
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This file contains 9 sheets and the names are self-explanatory. In sheets CM 1 through CM 6, 
simulated hydraulic heads and fluxes are there along with observed data. The data is graphed 
as well. It also contains the values of statistical parameters.  
Excel File Name:   Sensitivity.xlsx 
This file contains simulated hydraulic heads and fluxes for sensitivity analysis for all the 
conceptual models. There are 12 sheets. Each Conceptual model has 2 sheets. For example, for 
conceptual model 1, the sheets are named as “Case1_K” and “Case1_RS”. Where, ‘Case1’ 
refers to Conceptual model number 1 and ‘K’ & ‘RS’ refer to sensitivity to changes in K values 
and River Stage values respectively.     
HYDRUS Files 
The folder “HYDRUS_Files” contains the HYDRUS simulations for all the conceptual 
models. There are 12 files altogether in the folder. Each conceptual model has two files. For 
example for conceptual model 1, files are named as Case1a.h3d2 and Case1b.h3d2. Where 
‘Case1’ represents conceptual model number ‘1’ and ‘a’ represents spin-up simulations and 
‘b’ represents transient simulations. 
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6 APPENDIX B 
B.1 Results of the Sensitivity Analysis 
Results are shown only for period 1, from April 28, 2015 to January 29, 2016. 
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B.1.1 Sensitivity to Saturated Hydraulic Conductivity K 
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Figure S 1: Sensitivity of discharge and recharge fluxes to the saturated hydraulic conductivity.  
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B.1.1.2    Hydraulic Head 
 
 
CM 1)   
CM 2)   
80 
 
 
 
CM 3)   
CM 4)   
81 
 
 
 
Figure S 2: Sensitivity of hydraulic heads to the saturated hydraulic conductivity. 
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B.1.2 Sensitivity to River Stage 
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Figure S 3: Sensitivity of hydraulic heads to the river stage. 
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Figure S 4: Sensitivity of discharge and recharge fluxes to the river stages. 
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